Nucleus of the solitary tract Vagus nerve auricular branch Non-invasive vagus stimulation Neuromodulation t-VNS fMRI a b s t r a c t Background: Tract-tracing studies in cats and rats demonstrated that the auricular branch of the vagus nerve (ABVN) projects to the nucleus tractus solitarii (NTS); it has remained unclear as to whether or not the ABVN projects to the NTS in humans. Objective: To ascertain whether non-invasive electrical stimulation of the cymba conchae, a region of the external ear exclusively innervated by the ABVN, activates the NTS and the "classical" central vagal projections in humans. Methods: Twelve healthy adults underwent two fMRI scans in the same session. Electrical stimulation (continuous 0.25ms pulses, 25Hz) was applied to the earlobe (control, scan #1) and left cymba conchae (scan #2). Statistical analyses were performed with FSL. Two region-of-interest analyses were performed to test the effects of cymba conchae stimulation (compared to baseline and control, earlobe, stimulation) on the central vagal projections (corrected; brainstem P < 0.01, forebrain P < 0.05), followed by a wholebrain analysis (corrected, P < 0.05). Results: Cymba conchae stimulation, compared to earlobe (control) stimulation, produced significant activation of the "classical" central vagal projections, e.g., widespread activity in the ipsilateral NTS, bilateral spinal trigeminal nucleus, dorsal raphe, locus coeruleus, and contralateral parabrachial area, amygdala, and nucleus accumbens. Bilateral activation of the paracentral lobule was also observed. Deactivations were observed bilaterally in the hippocampus and hypothalamus. Conclusion: These findings provide evidence in humans that the central projections of the ABVN are consistent with the "classical" central vagal projections and can be accessed non-invasively via the external ear.
Introduction
The main visceral sensory nerve e the vagus e which innervates the esophagus, trachea, lungs, heart, pancreas, stomach, intestines, etc., projects to the nucleus tractus solitarii (NTS), the first central relay of vagal afferents [5, 52, 54] . The vagus nerve includes a sensory "auricular" branch that innervates the external ear [5, 48] . The cymba conchae of the external ear (Fig. 1A) is innervated exclusively by this branch; other regions of the external ear receive afferent innervation by this branch solely, or shared with other nerves, e.g., the posterior and inferior walls of the ear canal [13, 56] and the cavity of the concha [48] .
To our knowledge, there is no reported evidence in humans that the auricular branch of the vagus nerve (ABVN) projects to the NTS. However, neuroanatomical and brain imaging evidence suggests that this projection is plausible in humans. A tract-tracing study using horseradish peroxidase in cats provided evidence that the ABVN projects to the NTS, the spinal trigeminal nucleus, and other sensory nuclei within the brainstem. Primary afferent terminal labeling was observed specifically in the interstitial, dorsal, dorsolateral, and commissural subnuclei of the NTS [45] . A subsequent study in rats provided further evidence of a direct projection of the ABVN to the NTS [19] . Three functional MRI (fMRI) studies in humans investigating the effects of transcutaneous vagus nerve stimulation (t-VNS) via the external ear did not report activation of the NTS, possibly because of methodological differences or because different regions of the external ear other than the cymba conchae were stimulated and were not supplied or insufficiently supplied by the ABVN [11, 35, 36] . However, the brain regions that were significantly affected by the stimulation in those studies are consistent with primary and higher-order central projections of the vagus nerve. Functional MRI studies of invasive vagus nerve stimulation (VNS) also reported activity within afferent vagal projection sites [6, 37, 38, 41, 44] . The regions most commonly affected by t-VNS and VNS are the insula, thalamus, amygdala, hippocampus, postcentral gyrus, nucleus accumbens, hypothalamus, and brainstem.
In addition to the above neuroanatomical and brain imaging studies, there is evidence that t-VNS produces cognitive and behavioral effects that are also produced by VNS [7, 10, 22, 29, 41, 43, 53, 55, 57, 58] . Based on conventional neuroanatomy, VNS would be expected to activate the vagal projections beginning centrally at the NTS; therefore, it is likely that t-VNS, via the ABVN, would also activate the NTS.
In the present study, we used functional MRI to test the following hypothesis: non-invasive electrical stimulation of the auricular branch of the vagus nerve (t-VNS) via the cymba conchae, exclusively innervated by the ABVN, will activate the NTS and the "classical" vagal projections. Brain regions that respond to electrical stimulation of the cymba conchae were compared to regions that respond to stimulation of the control region, the earlobe. The earlobe is innervated by the greater auricular nerve, which is a composite nerve of cervical spinal nerves 2 and 3 and projects to the nucleus cuneatus in the brainstem [48] . Preliminary findings have been published in abstract form [16e18].
Materials and methods
The study received approval from the Rutgers University Institutional Review Board, and the "Rutgers University Brain Imaging Center (RUBIC) Common Practices for fMRI" guidelines were strictly followed.
Research participants
Twelve healthy participants (9 females and 3 males; age range 21e71 years; mean AE SD age, 32.6 AE 13.8 years) were recruited for the study by word of mouth. Each person provided written informed consent and was compensated for participating in the study. Participants underwent two structural and functional magnetic resonance imaging scans in the same session and were instructed to remain alert and awake while viewing a sequence of still images of natural scenery ("travelogue" images) during each scan.
Stimulation procedure
Before each scan, participants were fitted with the Cerbomed NEMOS Ò device designed specifically for mild electrical stimulation of the cymba conchae of the external ear ( Fig. 1A ) via an adjustable earpiece containing two hemispheric titanium electrodes ( Fig. 1D ) connected to a battery-operated stimulator. The device was used to provide transcutaneous electrical stimulation of the left cymba conchae and the left earlobe (as a control). Control stimulation of the earlobe was conducted by positioning the earpiece upside down (Fig. 1B) . Cymba conchae stimulation was conducted by positioning the earpiece upright, as designed to be used (Fig. 1C) . The battery-containing stimulator unit remained in the monitor room; the unshielded cable (7 m in length) attached to the earpiece electrodes was passed through a wave-guide to the participant in the scanner. The stimulus intensity was adjusted for each of the participants as they lay supine on the scanner gurney prior to each scan. The intensity was increased from 0.1 mA in 0.1 mA increments until a participant reported a "tingling" sensation that was below the intensity that produced a noxious "pricking" sensation [12] . The individual stimulation intensities that were selected in this way were 0.3e0.9 mA for the control (earlobe) stimulation condition (0.58 AE 0.19 mA; mean AE SD), and 0.3e0.8 mA for the cymba conchae stimulation condition (0.43 AE 0.14 mA; mean AE SD). The non-adjustable parameters of the device were continuous 0.25 ms-duration monophasic square wave pulses at 25 Hz. The cable was guided from the left ear down the left side of the head, across the neck, and down the right side of the body, as this positioning resulted in the minimum artifact and maximum signal-tonoise ratio in the fMRI images.
Experimental paradigm

Scan 1 e Control
The following data were collected in a 14-min continuous scan while subjects viewed travelogue images: 2-min rest; 7-min left earlobe stimulation; and 5-min rest. Table 1 Clusterwise corrected P-values for ROI and whole brain analyses (n ¼ 12). 
¼ Widespread activity throughout brainstem (corrected, P < 0.0001). a Bilateral thalamic activations found specifically within anterior thalamic nuclei. thalamus, hypothalamus, amygdala, nucleus accumbens, insula (pictured in coronal slice), and (included but not pictured in coronal slice) paracentral lobule and hippocampus.
Scan 2 e Experimental
The following data were collected in a 20-min continuous scan while subjects viewed travelogue images: 2-min rest; 7-min left cymba conchae stimulation; and 11-min rest.
The control condition (scan 1) and experimental condition (scan 2) were not counterbalanced, as a carry-over effect was expected from the experimental condition. Subjects were blind as to whether the electrode orientation was for the experimental or the control condition.
fMRI acquisition
The fMRI scans were performed at the Rutgers University Brain Imaging Center using a 3T Siemens Trio with a Siemens 12-channel head coil. For registration purposes, anatomical images were acquired using magnetization prepared rapid gradient echo (MPRAGE) sequences (176 slices in the sagittal plane using 1 mm thick isotropic voxels, TR/TE ¼ 1900/2.52 ms, field of view ¼ 256, 256 Â 256 matrix, flip angle ¼ 9 ; 50% distance factor). Field maps (phase and magnitude images) were collected to correct for inhomogeneity in the magnetic field and to increase accuracy of registration during the data analysis. Gradient-echo EPI sequences were acquired of the whole brain including the entire medulla oblongata (33 slices in the axial plane using 3 mm isotropic voxels, TR/TE ¼ 2000 ms/30 ms, interslice gap ¼ 1.5 mm, flip angle ¼ 90, field of view ¼ 192, 64 Â 64). The same parameters were used for the field maps with the exception of the flip angle (60) and TR/TE1/TE2 (400 ms/5.19 ms/7.65 ms). 
Data analysis
All data were preprocessed and statistically analyzed using FMRIB's Software Library ("FSL", Center for Functional Magnetic Resonance Imaging of the Brain, University of Oxford, UK) version 6.00. Lower-level fMRI data processing was carried out using FMRI Expert Analysis Tool (FEAT). The following pre-processing steps were performed at the individual level: removal of skull and nonbrain tissue from the anatomical, functional images, and magnitude images using Brain Extraction Tool (BET) followed by a manual approach to ensure the removal of non-brain tissue around the brainstem; motion correction using FMRIB's Linear Image Registration Tool (MCFLIRT) (motion was <0.5 mm during cymba conchae and earlobe stimulation); spatial smoothing using a 5 mm full-width at half-maximum Gaussian kernel; field inhomogeneities were corrected using B0 Unwarping in FEAT; grand-mean intensity normalization; and high pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with s ¼ 420.0s for scan 1, and s ¼ 600.0s for scan 2) [25e28,59].
For analysis of the brainstem, the above pre-processing analyses were carried out a second time with the exception of spatial smoothing. Spatially smoothing a data set enables the detection of larger clusters [50] such as those found within the forebrain. However, the application of spatial smoothing to smaller areas, such as those within the brainstem, decreases the detection of smaller clusters [50] . For this reason, spatial smoothing was not applied during the pre-processing procedure for the brainstem data. Incrementally increasing the spatial smoothing kernel of the brainstem data initially results in flooded regional activity with excessive false positives and eventually failure to detect any activity. Thus, we believe that for the purpose of reducing the likelihood of false positives and more accurately representing discrete activity in the brainstem, in the present analysis, we have selected to not smooth the data.
Registration of the functional images to the high-resolution anatomical images was performed using Boundary-Based Registration (BBR) [21] . A non-linear registration of the high-resolution anatomical to the MNI152 standard space was then performed using FMRIB's Nonlinear Registration Tool [2, 3] .
At the individual level, explanatory variables (EVs) were created for the 7 min of cymba conchae stimulation, and the 11-min poststimulation period. The same was created for the earlobe stimulation condition (1 EV for 7 min of earlobe stimulation, 1 EV for the 5-min post-stimulation period). The EVs were used as regressors to determine the average activity elicited by each condition. The data were thresholded at P ¼ 0.05 (uncorrected). The output files (contrast of parameter estimates, or "cope" files) were then used in the higherlevel analysis to determine mean group effects and perform contrast analyses between the experimental and control conditions. Three higher-level mixed-effects analyses were performed (n ¼ 12): two region-of-interest (ROI) analyses (brainstem, Fig. 2A,  and forebrain, Fig. 2B ) to specifically test the hypothesis, and a whole-brain analysis. The ROIs were selected based on the known projections of the NTS. The masks for the following ROIs were generated using HarvardeOxford Cortical and Subcortical Structural Atlases: lower brainstem (excluding the diencephalon and the cerebellum) ( Fig. 2A) , and amygdala, hippocampus, insula, nucleus accumbens, and thalamus (Fig. 2B) . Masks for the hypothalamus and paracentral lobule of the cerebral cortex were created manually (Fig. 2B) . Mean group effects were processed for both conditions followed by a two-sampled paired t-test to identify differences between the conditions. All higher-level analyses were corrected for multiple comparisons. The average brainstem activity (compared to baseline) and the contrast analyses (cymba conchae > earlobe, and earlobe > cymba conchae) for the brainstem were processed using a clustersignificance threshold of P ¼ 0.01. The average activity within the ROIs in the forebrain (compared to baseline) during earlobe and cymba conchae stimulation was processed using a clustersignificance threshold of P ¼ 0.05. An analysis specifically testing the projections of the earlobe and cymba conchae to the primary somatosensory cortex was processed using a cluster-significance threshold of P ¼ 0.05 and P ¼ 0.01, respectively. All whole-brain analyses were processed with a cluster-significance threshold of P ¼ 0.05. The range of z-scores for each analysis is indicated on each figure (the lower interval indicates the cluster-forming threshold for that particular analysis). Table 1 , stimulation of the ABVN via the cymba conchae activated the NTS and other vagal projections within the brainstem and forebrain by comparison with earlobe (control) stimulation.
Results
On the basis of results presented in
Cymba conchae vs. earlobe (control) and cymba conchae vs. baseline
The group brainstem analysis of the experimental condition (cymba conchae) compared to the control condition (earlobe) revealed clear activation along the length of the left side of the medulla in the region that is consistent with the location of the ipsilateral NTS (Fig. 3a) . The activity extended from the midline of the lower medulla dorsolaterally to the upper medulla (Fig. 3) . 
Activity in the region of the spinal trigeminal nucleus (STN) was observed ipsilaterally along the length of the medulla (Fig. 3) . Some contralateral activity was also observed in the region of the STN. In addition, the region of the hypoglossal nucleus was activated (Fig. 3) . The activity observed along the pons was consistent with the locations of the principal sensory trigeminal nucleus (more contralateral than ipsilateral), the locus coeruleus (more contralateral than ipsilateral), and the contralateral parabrachial area (Fig. 4) . The activity in the midbrain was consistent with the location of the dorsal raphe nuclei, periaqueductal gray, red nuclei, and substantia nigra (Fig. 5) . These regions were also activated in the analysis of cymba conchae stimulation compared to baseline, and all, except the principal spinal trigeminal nucleus, remained activated in the post-cymba conchae stimulation period (Fig. 6) . The whole-brain analyses, which included spatial smoothing within the brainstem, showed widespread activations throughout the medulla, pons and midbrain, but regional specificity was not discernible.
Compared to baseline and earlobe (control) stimulation, cymba conchae stimulation produced significant activations in the following forebrain regions: bilateral activation in the insula, paracentral lobule, and anterior thalamic nuclei, and contralateral activity in the nucleus accumbens and amygdala (Fig. 7) . Activation was also observed in the region of the bed nucleus of the stria terminalis, the stria terminalis proper, the fornix, and the septum. There was widespread activation throughout the primary somatosensory cortex (more contralateral than ipsilateral) consistent with the visceral area, face area, side/back of the head (which could include external ear representation), and paracentral lobule, which is the genital area of the Penfield homuncular map (Fig. 8A and C) . Deactivations were found bilaterally in the hypothalamus and extensively throughout the hippocampal formation (Fig. 9) . These effects were consistent with the whole-brain analyses.
Earlobe (control) vs. cymba conchae, and earlobe (control) vs. baseline
The group brainstem analysis of earlobe (control) stimulation compared to cymba conchae stimulation (i.e., earlobe > cymba conchae) revealed activation in the ventral region of the caudal medulla (Fig. 10A) . Compared to baseline, earlobe (control) stimulation produced activation in the region of the STN, nucleus cuneatus, and ventrocaudal medulla (Fig. 10B) . Activation of the region of the NTS was not observed in the medulla under these control conditions (Fig. 10A and B) . There was no activity in the regions of the principal sensory trigeminal nucleus, locus coeruleus, parabrachial area, dorsal raphe, or periaqueductal gray in the contrast analysis (earlobe > cymba conchae) or in the analysis of earlobe stimulation compared to baseline. Specificity within the brainstem was indiscernible due to spatial smoothing in the wholebrain analyses. However, activations were found within the ventral medulla and ventral pons. There were no deactivations in the brainstem in the analyses of earlobe stimulation compared to baseline. Brainstem activity persisting beyond the stimulation period was not observed in the control, earlobe condition. Thus, the effect of this control stimulation was markedly different from that of the experimental (cymba conchae) stimulation.
Control earlobe stimulation produced activation in the contralateral insula (Fig.11 ) and in the primary somatosensory cortex (more contralateral than ipsilateral) (Fig. 8B and C) consistent with the location of the face, and side/back of the head (which could include external ear representation) consistent with the Penfield homuncular map. However, this activity was not greater than that elicited by cymba conchae stimulation, as there were no significant activations found in the earlobe (control) vs. cymba conchae analysis. We found no deactivations in the forebrain produced by earlobe stimulation. These effects were consistent with the whole-brain analysis.
Time-course analysis of cymba concha stimulation
A group time-course analysis (Fig. 12) showed a gradual increase in NTS activity that peaked after cessation of cymba conchae stimulation. Other regions also showed a gradual increase in activity during stimulation. Among all brain regions, the right amygdala showed the greatest activation during stimulation, reaching a peak during the post-stimulation period. Nearly all regions became maximally active during the post-stimulation period; their activity declined gradually, persisting throughout the 11 min.
Discussion
The present findings provide fMRI evidence in 12 healthy adults that 7 min of mild, non-invasive electrical stimulation (continuous 0.25 ms pulses at 25 Hz, mean intensity 0.43 mA) of the ABVN via the left cymba conchae significantly affects the central projections of the vagus nerve, compared to earlobe (control) stimulation (continuous 0.25 ms pulses at 25 Hz, mean intensity 0.58 mA).
Neuroanatomical studies provide evidence that the sensory vagus projects to the NTS [5] . The NTS in turn projects to the following brain sites: STN, parabrachial area, locus coeruleus, dorsal raphe, periaqueductal gray, thalamus, amygdala, insula, nucleus accumbens, bed nucleus of the stria terminalis, and hypothalamus, in addition to other higher-order projections [52, 54] . In the present study, each of these named brain regions was activated in response to cymba conchae (left side) stimulation, with the exception of the hypothalamus and hippocampus, both of which were deactivated.
While the present study was conducted on a healthy population and focused on elucidating the central projections of the ABVN there are reports of cognitive and behavioral effects of t-VNS and VNS, i.e., anti-nociception [7, 29, 43, 58] , anti-depression [22, 41, 53] , and anti-convulsion [10, 55, 57] . The mechanisms underlying these effects are unclear. The resulting regional brain effects of cymba conchae stimulation observed in the healthy participants of this study provide a point of reference for understanding the mechanism underlying the effects of both invasive and non-invasive vagus nerve stimulation.
The anti-nociception effect is consistent with the present finding of cymba conchae stimulation-induced activation of periaqueductal gray, dorsal raphe, and locus coeruleus, each of which activates descending inhibitory pathways to the spinal cord dorsal horn [4, 40] .
The anti-depression effect is consistent with the activation of the amygdala [60] and may be boosted by nucleus accumbens activation, as depression has been shown to decrease the response of the nucleus accumbens to reward [49] . While Kraus et al. [35] and Dietrich et al. [11] reported deactivation of the amygdala and accumbens, respectively, using ear stimulation, they did not apply the stimulation to the cymba conchae; regional differential innervation of the ear may account for these different findings.
The anti-convulsion effect is consistent with the deactivation of the hippocampus [23, 51] . In humans, temporal lobe epilepsy, with a focus in the hippocampus, is the most common form of drug-resistant epilepsy [47] . As the septum is a major source of neural input to the hippocampus [14, 20] , the septal activation, observed in response to cymba conchae stimulation in the present study, is a possible trigger for the observed hippocampal deactivation. Furthermore, the anterior thalamic activation is consistent with previous findings of fMRI and PET studies performed on patients with the implanted vagus nerve stimulator. In some cases, the increased thalamic activity was observed in the patients who were most responsive to vagus nerve stimulation [24, 37, 44] . In addition, the activation of the dorsal raphe and locus coeruleus found in the present study is consistent with the anti-convulsive effects of invasive vagus nerve stimulation and external ear stimulation [15, 34, 39] .
Two noteworthy observations
Unexpected widespread activation of NTS by cymba conchae stimulation.
Contrary to expectation based on evidence of a viscerotopic organization of the NTS [1, 54] , the cymba conchae stimulation in the present study activated not just the rostral region of the NTS, but rather much of the rostrocaudal extent of the NTS through the medulla oblongata (Fig. 3A) . This widespread activation is consistent with neuroanatomical evidence in cats of the afferent distribution of the auricular branch of the vagus nerve, i.e., more dispersed throughout the subnuclei of the NTS than viscerotopically distributed [45] . This convergent evidence indicates an extensive distribution of, and perhaps diverse role for, the auricular branch of the vagus. Furthermore, the widespread activation of the NTS in the present study is consistent with the widespread activation found on the primary somatosensory cortex (Fig. 8A and C) , i.e., both somatosensory areas (e.g., face, head) and visceral areas (e.g., the visceral region of SI and the visceral genital region e the paracentral lobule) were activated in response to cymba conchae stimulation. This activity was not observed in the earlobe (control) stimulation condition, in which case discrete activity was found in the nucleus cuneatus and only somatosensory regions of the primary sensory cortex ( Fig. 8B and C) .
Activation of the paracentral lobule by cymba conchae stimulation.
While this finding may at first seem anomalous (because the paracentral lobule contains the homuncular "genital sensory cortex"), there is actually convergent supportive evidence. We reported recently, based on fMRI, that vaginal, cervical, and clitoral self-stimulation activate overlapping regions of the paracentral lobule [33] . Previously, we reported evidence that the vagus nerves convey sensory activity from the vagina and cervix [32] . That is, using fMRI, we found that the NTS was activated in women with complete spinal cord injury at T10 and above, injury that would block all the known genito-spinal ascending pathways to the brain. The only likely remaining sensory innervation of the vagina and cervix is the vagus, for which there is evidence in rats [9, 30, 46] . Furthermore, the women with complete spinal cord injury cited above reported perceptual awareness of the vaginal and cervical stimulation, but not clitoral, trunk or limb awareness below the level of the injury. In that study, we also showed evidence of activation of the paracentral lobule in some of the cases. Thus, while it is surprising that in the present study we found vagal (visceral) activation of ("somatic") paracentral lobule in response to cymba conchae stimulation, our reported observations that the women with complete spinal cord injury at or above T10 [31, 32] were aware of vaginal and cervical stimulation, which could only have been conveyed by the vagus sensory nerves, provides evidence that this vagal afferent activity can "rise" to the level of perceptual awareness.
Caveats
One could argue that the parameters selected for the analysis of the brainstem are insufficiently conservative. However, we are confident that the significant activation of the NTS and other brainstem nuclei are not false positives on the basis that the same analysis criteria applied to the control, earlobe, stimulation failed to reveal activation of NTS or its projections. Instead, in the control, earlobe stimulation condition, there was significant activation of the nucleus cuneatus, which receives sensory information conveyed by spinal nerves above the 6th thoracic vertebra, and thus, where the greater auricular nerve would project [14] .
A potential limitation of this study is that cardiac and respiratory activities were not available for use as regressors in the analysis. While Clancy et al. [8] reported that stimulation of the tragus (partially innervated by ABVN [48] ) increased heart rate variability, in the parameters used in the present study, which were much lower in intensity and duration, and applied to the cymba conchae (exclusively innervated by ABVN [48] ), we found no significant effect on heart rate (unpublished data). In addition, in the present study, it is unlikely that these factors contributed to the activity elicited by cymba conchae stimulation, for they did not influence the fMRI response to the control, earlobe, stimulation.
Conclusion
The present findings provide fMRI evidence in humans that the ABVN, via the cymba conchae, projects to the NTS, which is the first central relay of vagal afferents, and to other primary and higher-order vagal projections in the brainstem and forebrain. This non-invasive electrical stimulation of the "somatic" (i.e., external ear) afferent branch of the vagus nerve activates both "visceral" and "somatic" vagal projections in the brain. Furthermore, the patterns of activation and deactivation observed in the healthy participants of this study now provide a point of reference for understanding the mechanism(s) underlying the anti-convulsive, antidepressive, and antinociceptive effects of t-VNS and VNS. The present finding that brain sites to which the vagus projects remain active after cessation of the cymba conchae stimulation suggests that there may be a concomitant persistence of the cognitive and behavioral effects of the stimulation.
